Data regarding pregnancy outcome in women with congenital heart disease (CHD) are limited.
Introduction
Progress in the fields of diagnostic techniques and surgical intervention has dramatically improved long-term outcome in patients with congenital heart disease (CHD). As a consequence, most patients with congenital cardiac malformations reach childbearing age. Many of these women wish to become pregnant. Pregnancy itself is a circulatory burden, primarily due to volume loading, which has an impact even on a healthy woman's life. In the face of residual lesions or sequelae after correction or an uncorrected maternal congenital heart defect, this burden may have deleterious effects on the health of both the mother and her offspring. Cardiac, obstetric, and neonatal complications all appear to be more prevalent. 1 It has long been recognized that certain cardiac factors, including pre-pregnancy NYHA class, the presence of a mechanical valve prosthesis, having pulmonary hypertension/cyanosis, and outflow tract obstruction, adversely influences pregnancy outcome. The 'CARdiac disease in PREGnancy' (CARPREG) investigators were the first to identify predictors of the adverse pregnancy outcome in women with established heart disease. The investigators also were the first to design a risk score, which is now commonly used to 'predict' cardiac complications during pregnancy in the context of maternal CHD. Limitations of the score for patients with CHD are that it is developed based on a cohort that included patients with primary electrical disease as well as acquired heart disease. Moreover, several types of (mainly complex) CHD were underrepresented. 2, 3 It is suggested that the CARPREG cardiac risk score therefore needs to be modified to assess the risk of pregnancy in women with CHD. 4 The primary objective of the present study is to identify patient characteristics associated with adverse pregnancy outcome in a patient cohort consisting of patients with CHD and to propose a modified risk score.
Methods
For the present ZAHARA study, female patients with CHD aged 18 -58 years enrolled in the nation-wide CONgenital CORvitia (CONCOR) registry and a Belgian tertiary medical centre's adult CHD database were identified. The databases include patients with CHD .18 years receiving tertiary medical care. The institutional review board or Ethics Committee at each of the seven participating tertiary centres approved the protocol. Patients alive at the time of inclusion (survivors) were contacted by mail and asked to provide written informed consent. The Ethics Committee did not allow review of medical charts without consent. Moreover, we were not allowed to contact family members of deceased patients to retrieve informed consent. Therefore, no information on excluded or deceased patients is available.
Data were retrospectively obtained from medical records as reported by qualified medical personnel and supplemented data were retrieved by a telephonic questionnaire. The questionnaire was mainly used to check data concerning the date of birth/death of offspring, birth weight as recorded in official birth certificates, and to check whether or not external (non-tertiary) medical personnel was consulted to obtain complete data concerning each pregnancy.
Baseline data including maternal date of birth, parity, age at pregnancy when applicable, basic anatomy, prior surgical procedures, co-morbidity, and medical history (using the European Paediatric Cardiac Coding) were recorded for all women who gave informed consent. Miscarriages and elective abortions were excluded as data concerning these pregnancies are often disputable and unreliable. Besides the baseline data, the following complications were recorded for each completed (.20 weeks of gestation) pregnancy between 1980 and 2007. Cardiac complications (as diagnosed by a tertiary care cardiologist specialist): clinically significant ('requiring treatment at least including drug prescription') episodes of arrhythmia or heart failure, cardiovascular complications (e.a. thrombo-embolic complications, myocardial infarction, and/or cerebrovascular accidents), and endocarditis (including first 6 months post-partum). Obstetric complications: pregnancy-induced hypertension (PIH, new onset hypertension: blood pressure .140 mmHg systolic or .90 mmHg diastolic without proteinuria after 20 weeks of gestation); preeclampsia (PIH with .0.3 g protein in 24 h urine sample); eclampsia (preeclampsia with grand mal seizures); haemolysis elevated liver enzymes low platelets (HELLP) syndrome according to the guidelines of the European Society of Gynaecology and Obstetrics; premature labour (,37 weeks of gestation); post-partum haemorrhage (vaginal delivery .500 mL, caesarean section .1000 mL). Neonatal outcome: premature delivery (delivery ,37 weeks); small-for-gestational-age birth weight (,10th percentile); offspring mortality [demise: in utero (.20 weeks of gestation)-the first-year post-partum].
Data analysis
A Clintrial data-entry program was used to record information and converted to SPSS (version 16.0) and SAS for statistical analysis. Descriptive statistics for nominal data were expressed in absolute numbers and percentages. Mean values and standard deviations were presented for normally distributed continuous variables. For non-normal distributed continuous variables, median and ranges were computed. Univariable logistic regression analysis was performed to identify patient characteristics associated with adverse pregnancy outcome divided into three composite endpoints (as defined above): the cardiac, obstetric complications, and offspring outcome. The following baseline variables were assessed: the presence of patent shunt [atrial septal defect, ventricular septal defect (VSD), persistent ductus arteriosus, and abnormal pulmonary vein connections], surgical status prior to pregnancy (palliation, corrected or uncorrected), history of arrhythmias or cardiac complications (heart failure, cerebrovascular accidents, transient ischaemic attack, myocardial infarction, thrombo-embolic complications, and endocarditis), left heart obstruction [ , the presence of a mechanical valve prosthesis, the presence of a pacemaker, twin pregnancy, cyanotic heart disease (corrected/uncorrected): CHD which presents at or shortly after birth with cyanosis regardless of subsequent performed palliative corrective interventions, smoking immediately prior to or during pregnancy, alcohol during pregnancy (.0 U/day on average), use of oral anticoagulation and/or other cardiovascular medication during pregnancy, and maternal NYHA class prior to pregnancy. Variables that were associated with an increased incidence of the studied endpoints (P , 0.15) entered the multivariable stage. The final multivariable model was then constructed by backward deletion of the least significant characteristic, until all remaining variables were significantly (P , 0.05) associated with the endpoint. Because some women underwent one or more pregnancies, the validity of treating each pregnancy as an independent event was determined by general estimating equation analysis. For each pregnancy, the now widely used CARPREG cardiac risk score was calculated. 2 We subsequently validated this score for the abovementioned combined endpoint cardiac complications. We calculated the C-index (concordance index) of the CARPREG risk score, which describes the discriminative capacity, and performed a calibration using the Hosmer -Lemeshow test. The C-index has a value between 0.5 (poor discrimination) and 1.0 (perfect discrimination). We then modified the CARPREG risk score using the identified multivariable associations for the composite cardiac endpoint, nevertheless retaining the basic principal of this risk score. 2 In the modified risk score, we use the exponent value to weigh the risk factors and Pregnancy in women with congenital heart disease attribute points per risk factor. The developed risk model based on the whole study cohort was further evaluated by drawing 1000 bootstrap samples, with replacement, to estimate the extent to which the predictive accuracy of the model was overoptimistic. We report the mean C-index and the corresponding standard error (SEM).
Results
Overall, 1802 women with CHD (82%) provided written informed consent to review their medical records. Table 1 . It needs to be stated that, in part, these results are published in the earlier work by our research group and are merely shown for illustrative purposes.
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Main cardiac complications were arrhythmias (4.7%) and heart failure (1.6%), mostly transient in nature and manageable with medical therapy. The most important obstetric complications were hypertension-related disorders (mainly occurring in uncorrected patients). The most frequently encountered offspring outcomes were born small for gestational age and premature delivery. Maternal cardiac complications and offspring complications were highly correlated (r ¼ 0.85, P ¼ 0.002).
The results of the univariable logistic regression are shown in Table 2 . The event rate per characteristic is reported in Table 3 . The multivariate model correlating the composite endpoints of cardiac and neonatal complications is shown in Table 4 . New independent (multivariable) factors associated with cardiac complications were the presence of a moderate-to-severe pulmonary or systemic AV valve regurgitation, cyanotic heart disease (corrected/ uncorrected), and the presence of mechanical valve prosthesis. A history of arrhythmias, maternal NYHA functional class, the presence of left ventricular outflow tract obstruction, and the use of cardiac drugs also proved to be independent predictors of cardiac complications in concordance with previous studies. None of the investigated patient characteristics were associated with adverse obstetric complications. The presence of multiple gestations, the presence of at birth cyanotic heart disease, the presence of mechanical valve prosthesis, smoking during pregnancy, and the use of cardiac medication other than anticoagulation regimes were independently associated with adverse neonatal complications. In Table 5 , the details regarding the encountered cardiac complications are described, including the underlying CHD. The performance of the CARPREG cardiac risk score was limited with a C-index of 0.656 for the composite cardiac endpoint. Figure 1 shows the alternative risk score and the corresponding cardiac risk during pregnancy. The mean C-index of this risk model, as obtained in the 1000 bootstrap samples, was 0.762 with an SEM of 0.026. This implies some over-optimism in the estimated predictive accuracy of the model. In the future, this new cardiac risk index needs to be externally validated in a prospective study.
Discussion
The present, and thus far largest, study investigates the pregnancy complications in women with CHD. Complications were frequently encountered. Several new associations with adverse cardiac and neonatal pregnancy complications were identified. On the basis of these associations, a new risk index was designed, which seems to enhance discrimination and calibration compared with the existing CARPREG risk score. External validation of this risk score in a large prospective study, however, remains necessary.
Predicting cardiac complications
In our study, cardiac complications occurred during 7.6% of completed pregnancies, slightly lower than the 11% reported in our recent review. 1 Clinically significant episodes of arrhythmias (4.7%) and heart failure (1.6%) were the most important of cardiac complications. The lower prevalence of cardiac complications was largely attributable to the lower incidence of heart failure (1.6 vs. 4.8%). 1 As heart failure is difficult to distinguish from 'normal' physiological developments associated with pregnancy, including malleolar oedema, shortness of breath during exercise, and increased nocturnal urination frequency, we used a strict definition. The occurrences of other cardiac complications were in line with expectations.
New associations with adverse cardiac complications were: (i) the presence of moderate of severe systemic or pulmonary AV valve regurgitation, (ii) the presence of mechanical valve prosthesis, and (iii) 'at birth' cyanotic CHD. (i) The presence of significant AV valve regurgitation is known to cause volume loading and atrial distension. These factors are subsequently linked with the development of heart failure and supraventricular arrhythmias. In patients with significant pulmonary AV valve regurgitation, the majority of complications were arrhythmias. The vulnerability to develop arrhythmias is a well-known long-term complication in these patients even outside pregnancy. Up till now, due to the decrease in systemic vascular resistance, the importance of systemic AV valve regurgitation during pregnancy was thought to be limited. Therefore, our finding that moderate/severe systemic AV valve regurgitation independently predicts maternal complications is important, in particular as half of the complications consisted of heart failure. Importantly, we need to realize that in a significant proportion of patients, the moderate-to-severe AV valve regurgitation was associated with (moderately) complex CHD, and concomitant ventricular dysfunction and/or dilatation may have been involved in the development of complications. This risk factor should therefore be interpreted in the context of the associated heart disease and ventricular function. (ii) The fact that the presence of a mechanical valve correlated with adverse cardiac outcome is not surprising. Several case series and reports have described important cardiac complications including maternal mortality, heart failure, arrhythmias, and mechanical valve thrombosis. 15 -17 Especially, although not exclusively, patients with old generation valves in mitral valve position appeared at greater risk for valve thrombosis. 15 In all our patients with mechanical valves, cardiac complications occurred ( other in a woman with a bileaflet aortic valve. Both events presented shortly after switching therapy from subcutaneous full fixed dose low molecular weight heparin to oral anticoagulation consisting of acenocoumarol. At present, the anticoagulation regime best used during pregnancy in women with mechanical valves is still a subject of debate. The used schedule is not advocated in the official ESC guideline. 18 Moreover, in our patients, anti-factor Xa levels were not monitored; this may well have negatively affected the occurrence of valve thrombosis. (iii) The fact that patients with at birth cyanotic heart disease appear to be at greater risk for cardiac complications most likely reflects the complexity of the underlying heart condition. Patients with more complex heart disease need more interventions and are more prone to develop complications outside pregnancy. 19 The burden of pregnancy may accelerate the development of adverse cardiac complications.
In concordance with the CARPREG and other investigators, we identified NYHA functional class .II, left heart obstructive lesions, and a history of arrhythmias to be independent predictors of maternal cardiac complications. 20, 21 It needs to be added that arrhythmias were the most common cardiac complication in women with a history of arrhythmias. Silversides et al. 22 reported earlier that in women with pre-existing cardiac rhythm disorders, exacerbation of arrhythmic episodes during pregnancy was common.
In contrast to the CARPREG report, a decreased systemic ventricular function was a univariate but not multivariate predictor of cardiac complications. In this retrospective study, we had to use a less accurate definition for decreased left ventricular function (subjective mostly echocardiographic estimation vs. measurement of ejection fraction in the CARPREG study) which may in part explain this difference. The association between significant systemic AV valve regurgitation and decreased systemic ventricular function (e.g. in patients with a systemic right ventricle) may be another part of the explanation, as systemic AV valve regurgitation emerged as an independently associated characteristic in our study. Cyanosis and a history of cardiac complications also did not correlate with adverse cardiac outcome. The low incidence of these variables may at least be in part the explanation. Cyanotic women are often advised against pregnancy. 23 
Predicting obstetric complications
Obstetric complications were observed during 24% of completed pregnancies. Hypertensive disorders of pregnancy were the most important obstetric complication occurring in 12.2% (including preeclampsia in 4.4%). No plausible associations with adverse obstetric outcome were found.
Predicting neonatal complications
Neonatal complications were premature birth (12%), small for gestational age (14%), and mortality (4%), overall complicating 25% of completed pregnancies. In comparison with the results summarized in our literature review, the occurrence of small for gestational age and offspring mortality is higher, which could be mainly attributed to the relatively higher percentage of complex CHD.
New associations were the use of cardiac medication, 'at birth' cyanotic heart disease, and mechanical valve prosthesis. The fact that at birth cyanotic heart disease and the use of cardiac medication predicted neonatal complications most probably reflects the severity of the underlying heart disease. Mechanical valve prosthesis mainly resulted in premature delivery which may be the result of precautions taken by the attending physician as most deliveries were induced prematurely (possibly because of maternal cardiac complications). In several case series, similar observations were done. 16, 17 In the CARPREG study, predictors for neonatal complications were NYHA functional class or cyanosis, left heart obstructive lesions, smoking during pregnancy, multiple gestations, and the use of anticoagulation during pregnancy. In our population, the maternal functional class .II or cyanosis did not appear to be a risk factor, probably at least in part due to the low prevalence in our population. Also patients with left heart obstruction did not appear to be at greater risk for offspring complications. In correspondence with the report by Siu et al., in our study, women with a twin gestation and those who smoke during pregnancy were at a higher risk for offspring complications ( Table 5) . The most important risk associated with multiple gestations is spontaneous preterm delivery, which is subsequently related with increased perinatal mortality and morbidity. 24, 25 Smoking during pregnancy is also a well-known risk factor that affects neonatal outcome. AOR, aortic valve regurgitation; AOS, aortic valve stenosis; AR, arrhythmias; ASD, atrial septal defect; AV, atrioventricular; AVA, aortic valve area; AVSD, atrioventricular septal defect; ccTGA, congenital corrected transposition of great arteries; CE, cardiovascular complications; CoA, aortic coarctation; DORV, double outlet right ventricle; EN, endocarditis; HF, heart failure; LH, left heart; Marfan, Marfan syndrome; MO, foetal or neonatal mortality; MR, isolated mitral valve regurgitation; MVP, mitral valve prolaps; NYHA, New York Heart Association; PAVSD, pulmonary atresia with VSD; PD, premature delivery; PG, peak gradient; PS, pulmonary valve stenosis; Pulm, pulmonary; SG, small for gestational age; Syst, systemic; TGA, atrial complete transposition of great arteries; TOF, Tetralogy of Fallot; UVH, univentricular heart; VSD, ventricular septal defect. a Position of mechanical valve: 4 aortic, 2 mitral; type of mechanical valve: all bileaflet, except 1 Bjork-Shiley mitral valve.
b Both cardiovascular complications were mechanical valve thromboses occurring at 12 and 14 weeks of gestation shortly after switch of full dose subcutaneous low molecular weight heparin back to oral anticoagulation (one aortic bileaflet prosthesis; one Bjö rk shiley mitral valve prosthesis). No other risk factors for thrombotic complications were present during these pregnancies. One of these patients had two additional episodes of thrombosis during the same pregnancy, which were not analysed separately. 
Risk scores
The CARPREG risk score performed inadequately in our population and largely overestimated risk, in line with other reports. 27, 28 The differences between the populations that we pointed out may in part explain the poor performance of the CARPREG cardiac risk score in our population. In addition, the incidence of cardiac complications appears relatively low (7.6%) in comparison to 13 and 19.4% reported by Siu et al.
2,3,29 and
Khairy et al. 4 However, the cardiac complication rate in the CARPREG study in patients with CHD is 7.1% (32 in 445 pregnancies). Apparently, acquired or arrhythmic heart disease patients are at higher risk. The cohort investigated by Khairy et al. had an overrepresentation of complex CHD, which may explain the higher cardiac complication rate. Nonetheless, the different definition of heart failure (therapeutic interventions had to be performed) that we needed to use in this retrospective study could also in part explain this discrepancy. The incidence of cardiac complications in our study, however, is comparable to the frequency found in a recently published literature review. 1 The modification of the risk index (as explained in the Results section) seems to enhance discrimination and calibration. Importantly, both risk scores have significant limitations restricting indiscriminative use. The representation of risk factors in the population determines which risk factors emerge. Important risk factors such as pulmonary arterial hypertension are likely to be underrepresented in contemporaneous cohorts, preventing such risk factors to be identified. Therefore, it is important to underline that the calculation of risk scores should be only a part of pre-pregnancy risk assessment. We advocate a pre-pregnancy evaluation in an outpatient setting, including physical examination, laboratory evaluation, and an echocardiography according to a predefined protocol by an expert in the field. In addition to weighing predictors found in ZAHARA and CARPREG and calculating risk scores, diseasespecific information should always be used when estimating pregnancy risk in order to avoid over-simplification implied by risk calculation. Also existing guidelines and expert articles should be consulted. 30 External validation of our modified risk score in a large prospective study remains necessary, before use in everyday practice is possible.
Limitations
Most of the limitations of the present study are related to the retrospective design. First and most importantly, the present study lacks a historical 'matching' control population. This is, however, not as straightforward and simple exercise, as the vast majority of healthy women in the Netherlands and Belgium deliver at home with the help of a midwife. Therefore, the women consulting gynaecological hospital care are a selected population with (mainly obstetric or neonatal) complications or at higher risk for these complications. Moreover, the concept of a control population is, in our opinion, only sustainable, when both cohorts are followed in an identical fashion according to a predefined protocol. Therefore, a prospective study would be the best option, on the other hand, to collect the number of pregnancies provided in the present study; data collection would take at least 10 years and interfere with the contemporaneous applicability. A second limitation is the possibility of underreporting. Because data-retrieval was retrospective, only documented complications (by medically educated personnel) were included. Third, we need to take into account that for the present study, a survivor cohort was selected, Figure 1 The modified risk score for cardiac complications during completed (.20 weeks of gestation) pregnancies in women with congenital heart disease (expressed as % of the total number of completed pregnancies). AV, atrioventricular; AVA, aortic valve area; LHO, left heart obstruction; NYHA, New York Heart Association; PG, peak gradient; Pulm, pulmonary; Syst, systemic.
therefore not allowing the investigation of maternal mortality. Moreover, patients thought to be at high risk based on earlier studies, e.g. Eisenmenger syndrome and many Fontan patients, are generally advised against pregnancy or mainly patients at relatively good health achieve pregnancy. The risk of pregnancy in women with these complex heart diseases can therefore be underestimated in this study; nevertheless, it represents today's policies regarding pregnancy. Another limitation concerns the impossibility in this retrospective study to accurately quantify the severity of systemic and pulmonary ventricular volumes and function. Also the exclusion of miscarriage and abortion pregnancies may result in an underestimation of certain risks. For example, the reason for elective abortion in one patient was a clinically significant supraventricular arrhythmia with secondary heart failure. To include these pregnancies in the analyses would, however, lead to an underestimation of other complications that incorporated a certain gestational age to develop, i.e. hypertensive disorders. Moreover, the limitations associated with the low-risk contrast, the still relatively small cohort, and the lower incidence of complications and subsequent impossible internal validation need to be taken into account. The present cohort is representative for a CHD population receiving tertiary medical care, including patients with complex heart disease; caution, however, is needed when extrapolating the results to populations with another CHD distribution. In summary, the results should be interpreted with caution. Conflict of interest: none declared.
